Our understanding of the role of Ca 2+ in blue/UV-A photoreceptor signaling in a single cell is limited. Insight into calcium signaling has now been attained in Physcomitrella patens and its cryptochrome and phototropin knock-outs. Physcomitrella patens caulonemal filaments grow in the dark by apical extension and their apical cells are highly polarized. Fura-2-dextran ratio images of the apical cell from wild type (WT), Ppcry1a/1b and PpphotA2/B1/B2 were obtained immediately following UV-A exposure (30 µW cm -2 at 340 nm for 1,000 ms plus 30 µW cm -2 at 380 nm for 1,000 ms) [abbreviated as 1,000 ms (340/ 380 nm)] and demonstrated two intracellular waves: a Ca
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Our understanding of the role of Ca 2+ in blue/UV-A photoreceptor signaling in a single cell is limited. Insight into calcium signaling has now been attained in Physcomitrella patens and its cryptochrome and phototropin knock-outs. Physcomitrella patens caulonemal filaments grow in the dark by apical extension and their apical cells are highly polarized. Fura-2-dextran ratio images of the apical cell from wild type (WT), Ppcry1a/1b and PpphotA2/B1/B2 were obtained immediately following UV-A exposure (30 µW cm -2 at 340 nm for 1,000 ms plus 30 µW cm -2 at 380 nm for 1,000 ms) [abbreviated as 1,000 ms (340/ 380 nm)] and demonstrated two intracellular waves: a Ca
2+
wave from the growing apical tip through the apical cap, and a wave from the junction of the neighboring cell through the vacuolar, nuclear and plastid regions. In WT, the UV-A-induced tip wave increase had a magnitude of 454.0 ± 40 nM, traveled at a rate of 3.4 ± 0.7 µm s -1 and was complete within 26.6 ± 2.3 s, while the basal vacuolar wave had a magnitude of 596.8 ± 110 nM, a rate of 8.4 ± 0.8 µm s -1 and duration of 25.3 ± 4.9 s. Subsequent Ca 2+ spikes of similar magnitude followed these waves. The amplitude of the Ca 2+ waves in the apical cap and basal vacuolar regions of Ppcry1a/1b were higher than those in the WT, while the duration of those in PpphotA2/B1/B2 was longer. Subsequent Ca 2+ spikes occurred in WT and Ppcry1a/1b but not in PpphotA2/B1/B2. When Mn 2+ was added to the culture medium, the [Ca 2+ ] cyt increase was delayed, did not move as a wave and lasted longer. The results indicate that plants respond to blue light and UV-A radiation by generating a wave of changes in the [Ca
Introduction
Calcium signaling plays a universal role in controlling the proper growth and development of plants. Different stimuli can all result in one response. For example, in Physcomitrella patens, red light, blue light, touch and aging all result in ionic changes and the formation of side branches on dark-growing caulonemal filaments (Russell et al. 1996 , Russell et al. 1998 . It is the specific characteristics of space, time and amplitude of the cytoplasmic calcium (Ca 2+ cyt ) change that determine the appropriate response. These hallmarks are controlled by multiple counteracting processes, which can be divided into Ca 2+ 'on' and 'off' mechanisms. Mechanisms to increase Ca 2+ cyt include cADPR, NAADP, IP 3 and Ca 2+ channels, while mechanisms to decrease Ca 2+ cyt include Ca 2+ sequestering and various Ca 2+ pumps (Walden 1998 , White 2000 , Lee 2003 ). The cell is highly structured, and calcium signaling can be either localized or global. Previous reports described Ca 2+ cyt spikes in plants, but quantitative data to determine where in the cell they originated and if they were waves or pulses were not determined. The significance of this present research lies in the identification and characterization of two distinct and separate Ca 2+ cyt waves that occur in response to UV-A radiation exposure.
Plants use blue light for photosynthesis, phototropic responses and developmental changes. A Ca 2+ cyt transient increase that lasted around 60 s in response to blue light had previously been reported in protonemal tissue of dark-grown transgenic P. patens expressing the apoaequorin gene (Russell et al. 1998) . We have now compared these data with data obtained by UV-A radiation as the stimulus. We also have studied the involvement of Ca ] cyt kinetics of Ppcry1a/1b and PpphoA2/ B1/B2 with wild type (WT), we examined the role of cryptochrome and phototropin in this [Ca 2+ ] cyt response. Dark-growing apical caulonemata cells of P. patens are tip-growing cells. These apical cells can be thought of as embryonic in nature and as the site of gravity, light and touch perception. They contain in order: apical cap, plastid, nuclear and basal vacuolar regions (Cove 2000) . Like other tipgrowing cells, they are presumed to have a tip-focused Ca 2+ * Corresponding author: E-mail, edward_tucker@baruch.cuny.edu; Fax, +1-212-802-3082. gradient that is maintained by an influx of Ca 2+ through channels in the apex (Malhó and Trewavas 1996 , Meske et al. 1996 , Hepler 1997 , Holdaway-Clarke et al. 1997 , Yang 1998 . Physcomitrella patens contains two cryptochrome photoreceptors (PpCRY1a and PpCRY1b) localized in the nucleus of light-grown caulonemata cells (Imaizumi et al. 1999 , Imaizumi et al. 2002 and four phototropins (PpPHOTA1, PpPHOTA2, PpPHOTB1 and PpPHOTB2; Kasahara et al. 2004) . The chromophores of cryptochromes and phototropins are flavins, which absorb blue and UV-A light (Lin et al. 1995 , Salomon et al. 2000 , Kasahara et al. 2002 . In higher plants, it appears that the blue to UV-A absorption spectrum correlates with the action spectrum of stomatal opening (Eisinger et al. 2000 , Kinoshita et al. 2001 but not with hypocotyl growth (Ahmad et al. 2002 ] cyt transient increase without the initial influx through the plasma membrane in these plants. Arabidopsis contains two cryptochromes (CRY1 and CRY2) believed to be located in the nucleus and cytoplasm and two phototropins (PHOT1 and PHOT2) located in the plasma membrane (Sakamoto and Briggs 2002) . The phototropins undergo autophosphorylation and are believed to be involved in phototropic plant movement and chloroplast movements, while the cryptochromes are involved in gene regulation and in inhibition of hypocotyl elongation (Huala et al. 1997 , Christie et al. 1998 .
A blue light-induced [Ca

2+
] cyt transient (80 s) increase was reported in aequorin-producing transgenic seedlings of tobacco and Arabidopsis WT, Atcry1 and Atcry2 but was greatly decreased in Atphot1 (Baum et al. 1999) . Harada et al. (2003) repeated this work and reported that PHOT2 as well as PHOT1 was involved in the blue light-induced transient (60 s) elevation of [Ca 2+ ] cyt . Blue light induced a prolonged (11-16 min) Ca 2+ influx through the plasma membrane of Arabidopsis mesophyll protoplasts from WT and Atcry1cry2, but not from Atphot1phot2 (Stoelzle et al. 2003) . Babourina et al. (2002) found a similar blue light-induced prolonged (10 min) Ca
influx across the plasma membrane of Arabidopsis WT and Atphot2 seedlings, but not in Atphot1 and Atphot1phot2 seedlings. External calcium was required for a blue light-induced AtPHOT-controlled downstream photomorphogenic response (hypocotyl growth) but not for a downstream phototropic event (hypocotyl bending) (Folta et al. 2003) . In photosynthetic cells, photoreception may function via plasma membrane redox activity (Long and Jenkins 1998) and/or pH changes (Felle and Bertl 1986) . While UV-A radiation does not signal via phytochrome, the two systems have been reported to operate in concert for the expression of chalcone synthase (Frohnmeyer et al. 1998) . The absence of the Ca
-binding protein SUB1 in mutant Arabidopsis plants affected in cryptochrome-mediated signaling (Guo et al. 2001) indicates that cryptochromes finetune the Ca 2+ signaling response.
The ratiometric method using fura-2 has been widely employed to study [Ca 2+ ] cyt in plant cells (Allen et al. 1999 , Cárdenas et al. 1999 , Franklin-Tong 1999 , Plieth 2001 ). In the calcium imaging studies reported in the present communication, a single caulonema cell that was growing in the dark was used, rather than the mat of protonema used by Russell et al. (1998) . The fura-2-dextran signal was derived from a continuous train of pulses of 340 nm radiation alternating with pulses of 380 nm radiation instead of a single pulse of blue light (450 nm). The same wavelengths are used both to stimulate the cells and to monitor fura-2-dextran fluorescence. The involvement of external Ca 2+ was studied using the Mn 2+ quench method (Malhó et al. 1995 , Lorenz et al. 1997 , Churchill et al. 2001 rather than the method of removing Ca 2+ from the external medium (Russell et al. 1998) . We report that UV-A induces two independent [Ca
] cyt waves and subsequent [Ca 2+ ] cyt spikes that transverse the cell. These waves were light intensity dependent. Cryptochrome and phototropin were found to regulate the amplitude and duration, respectively, of the [Ca 2+ ] cyt waves.
Results
Dark-grown caulonema are polar and are devoid of many organelles at the growing tip
The apical caulonemata cells of WT range from 100 to 500 µm long and from 15 to 20 µm wide. Structurally, these cells contain the following: a distal 25 µm cap region devoid of chloro-amyloplasts ('apical cap'), a mid-region packed with chloro-amyloplasts and other organelles including the nucleus ('plastid region') and a proximal region with a large vacuole ('basal vacuolar region') (Fig. 1a) . The growing apex, i.e. the most distal tip of the apical cap, is devoid of mitochondria and Golgi dictyosomes, but contains smooth endoplasmic reticulum (ER) and vesicles (Fig. 1b) . The nucleus, when not hidden by chloro-amyloplasts, was measured to be a fixed distance between 70 and 110 µm from the tip in non-dividing cells. The density of the chloro-amyloplasts and volume of the vacuole varied, apparently depending upon the stage of the cell in the cell cycle. The same cell structure was observed on differential interference contrast (DIC) images for WT, Ppcry1a/1b and PpphotA2/B1/B2. Calcium changes in the apical cap and the basal vacuolar region were quantified in this study using fura-2-dextran. Cells to be microinjected were typical of dark-growing apical cells. They were in various stages of cell growth but they all had a clear, smooth-growing apical cap area. All of these cells responded with Ca 2+ waves and spikes to the UV-A exposure.
UV-A stimulated apical cap waves and basal vacuolar region waves of Ca 2+ cyt in WT Fura-2-dextran ratio images of the apical cell of WT were obtained immediately following irradiation with 30 µW cm -2 (0.85 µE) at 340 nm for 1,000 ms followed by 30 µW cm -2 (0.95 µE) at 380 nm for 1,000 ms UV-A exposure. These irradiation conditions hereafter are denoted as '1,000 ms (340/ 380 nm)'. This light treatment resulted in two intracellular waves (Fig. 2a, a 1 ). One [Ca 2+ ] cyt was an 'apical cap wave', i.e. a wave that originates at the growing apex of the cell in the apical cap and moves in a distal direction. The [Ca 2+ ] cyt peaked at an average of 454 ± 40 nM (Table 1) and [Ca 2+ ] cyt spiked sub- ] cyt apical cap and basal vacuolar waves and spikes in P. patens caulonemata. Pseudo-color for (a) WT, (b) Ppcry1a/1b, (c) PpphotA2/B1/B2. Images were taken every 3 s for 180 s. [Ca 2+ ] cyt at the apical tip and cell junction was calculated from ratioed images for (a 1 ) WT, (b 1 ) Ppcry1a/1b, (c 1 ) PpphotA2/B1/B2, respectively. Scale bar = 50 µm.
sequently, once or twice more ( Fig. 2a, a 1 ). The initial wave moved at an average rate of 3.4 ± 0.7 µms -1 and had an average duration of 26.6 ± 2.3 s. The mean delay time from initial radiation exposure to the beginning of the [Ca
2+
] cyt increase was 4.3 ± 0.6 s. The [Ca 2+ ] cyt of the first image was 121.9 ± 12.6 nM and was considered to be the 'baseline' [Ca
] cyt response was a basal vacuolar wave, i.e. a wave that originates in the area adjacent to the cell junction and moves across the vacuolar, nuclear and plastid regions towards the tip of the cell. The [Ca 2+ ] cyt averaged 596 ± 110 nM and subsequently spiked once or twice more. The beginning of the initial Ca 2+ waves started 6 ± 1.6 s after initial radiation exposure, traveled at an average rate of 8.4 ± 0.8 µm s -1 and had an average duration of 25.3 ± 4.9 s. The basal level of [Ca 2+ ] cyt , determined from the first image, was 98.5 ± 21.5 nM. A calcium increase did not originate from the area of the nucleus. Many cells contained a slight tip-focused gradient in the apical cap that sloped 8.3 ± 1.6 nM µm -1 from 200 to 75 nM Ca
, as measured on the first image (five samples). This 200-75 nM [Ca
2+
] cyt gradient in the apical cap was no longer present after 2-3 exposures of 1,000 ms duration. The calcium wave moved significantly faster in the vacuolar basal region than in the apical tip region (Table 1) .
The initial calcium increase at the apical cap and basal vacuolar region was observed on line scans to be propagated via a wave-like fashion (Fig. 3) . The line for each scan was drawn across the cell from apex to base. The line scan for the apical region (Fig. 3a) is from the tip (1.4 µm) to 39 µm, while that for the basal vacuolar region (Fig. 3c) is from 90 µm to the base (188 µm). At the apical cap (Fig. 3a) , the direction of the calcium wave is depicted by the [ Ca   2+ ] cyt of three line scans of images taken at 6, 15 and 18 s after the initial UV-A exposure. The calcium propagated in a distal direction towards the plastid region viewed from left to right in the graph (Fig. 3a) ] cyt changes measured in the apical cap, the calcium released from the cell junction was also propagated in a wavelike fashion, but in a proximal direction, i.e. the calcium transient was propagated from the cell junction towards the basal vacuolar and plastid region, opposite that of the wave initiating at the apical tip. Therefore, the graph depicting calcium movement also exhibits a decreasing slope when viewed from right to left in the graph (Fig. 3c) -1 , which is almost three times faster than the rate in the apical region. While the initial release of calcium was observed to propagate in a wave-like fashion, the decrease of cytoplasmic calcium observed on line scans for the apical cap and basal vacuolar region was not wave-like but rather a synchronous depletion (Fig. 3a 1 , c 1 , respectively) . The depletion of Ca ] cyt kinetics in response to 1,000 ms (340/380 nm)
The average baseline levels, delay time, rate of wave, peak calcium concentration and rate of wave movement (± SE) are listed for the initial wave of both the apical cap and basal vacuolar region for WT, Ppcry1a/1b and PpphotA2/B1/B2. The number of samples is given in parentheses for each type. All cells observed to be growing gave a response. Apical WT (7) 454.0 ± 40.3 3.4 ± 0.7 26.6 ± 2.3 121.9 ± 12.6 4.3 ± 0.6 Apical Ppcry1a/1b (9) 747.0 ± 43.9 4.7 ± 0.8 21.7 ± 2.8 184.1 ± 15.9 4.3 ± 1.0 Apical PpphotA2/B1/B2 (9) 603.1 ± 78.3 3.2 ± 0.6 37.3 ± 4.0 103.1 ± 12.6 3.0 ± 0.0 Basal WT (7) 596.8 ± 110.1 8.4 ± 0.8 25.3 ± 4.9 98.5 ± 21.5 6.0 ± 1.6 Basal Ppcry1a/1b (9) 889.5 ± 74.3 11.1 ± 2.4 27.3 ± 3.0 128.4 ± 12.8 7.0 ± 1.1 Basal PpphotA2/B1/B2 (9) 747. ] cyt . Calcium changes subsequent to the first wave did not appear wave-like on line scans. They were synchronous increases (Fig. 3b, d ) and decreases ( Fig. 3b 1 , d 1 ) and are referred to as spikes in this communication. The graph for the second release of calcium from the apical cap differs from the initial release in the slope of the lines (compare Fig. 3b with a) ] cyt than the second and the second has less than the last image. Similarly, the second depletion of calcium from the apical cap is also represented by flat lines but arranged in an order opposite to the release (Fig. 3b 1 ) , i.e. the image taken at 108 s has a higher [Ca 2+ ] cyt than at 111 s and that, in turn, is higher than at 120 s. At the basal vacuolar region, the second release of calcium displays a similar order of arrangement as the second release from the apical cap. However, the apical cap released much more calcium than the basal vacuolar region since the lines of the latter are more closely spaced than the former because the [Ca 2+ ] cyt between 111 and 120 s was only about 300 nM (Fig.  3d) . The order of calcium depletion was observed to be a reciprocal of the second release from the basal vacuolar region and akin to the second depletion of calcium from the apical cap (Fig. 3d 1 ) .
] cyt response depends upon the duration of exposure Cells that were exposed repeatedly for 100 ms (340/ 380 nm) did not appear to respond with a [ Ca   2+ ] cyt increase in either the apical cap or basal vacuolar region. However, this low level of exposure failed to generate a fluorescent signal that was sufficiently elevated above background to make quantitative measurements possible. At 300 ms (340/380 nm) irradiation, the signal strength is adequate for quantitative measurements, but already this level of light is sufficient to stimulate Ca 2+ cyt waves; note the typical apical cap (Fig. 4a) and basal vacuolar (Fig. 4b) ] cyt increase in a shorter period of time than when they had been exposed for 300 ms (340/380 nm). If the previously imaged cells were left in the dark for at least 30 min, the [Ca 2+ ] cyt returned to the original resting levels and the same [Ca 2+ ] cyt tip waves would occur if the same cells were exposed to the same amount of light (data not shown). In carrying out these studies above, we had hoped to find irradiation levels that would permit quantitative imaging of [Ca 2+ ] cyt at high spatial resolution, but would not activate the light response; unfortunately, this has not been possible.
Calcium waves in Ppcry1a/1b were higher in amplitude than in WT For dark-grown caulonemata of Ppcry1a/1b, the apical cap wave [Ca 2+ ] cyt peaked at an average of 747 ± 43.9 nM (Table 1) 
and the [Ca
2+
] cyt spiked subsequently once or twice more (Fig. 2b, b 1 ). The initial waves started 4.3 ± 1.0 s after radiation exposure, moved at an average rate of 4.7 ± 0.8 µm s (Fig  2b, b 1 ). These initial Ca 2+ waves started 7.0 ± 1.1 s after radiation, traveled at an average rate of 11.1 ± 2.4 µm s -1 and had an average duration of 27.3 ± 3.0 s. The basal level of [Ca 2+ ] cyt was 128.4 ± 12.8 nM. The tip-focused gradient in the apical cap sloped 8.8 ± 2.4 nM µm -1 from 210 to 75 nM Ca
, as measured on the first image (five samples). The wave moved faster in the basal vacuolar region than in the apical region (Table 1) . When compared with WT, a significant difference in peak height was observed (Table 1) .
Calcium waves in PpphotA2/B1/B2 were longer than in WT
For dark-grown caulonemata of PpphotA2/B1/B2, the apical cap wave [Ca 2+ ] cyt peaked at an average of 603.1 ± 78.3 nM 
(Table 1), but the subsequent [Ca
2+
] cyt spikes did not occur (Fig.  2c, c 1 ) . The initial wave started 3.0 ± 0.0 s after radiation, moved at an average rate of 3.2 ± 0.6 µm s -1 and had an average duration of 37.3 ± 4.0 s. ] cyt spikes did not occur (Fig. 2c, c 1 ) . This initial Ca ] cyt was 73.1 ± 6.8 nM. The tip-focused gradient in the apical cap sloped 9.1 ± 1.5 nM µm -1 from 180 to 70 nM Ca
, as measured on the first image (five samples). The wave moved faster in the basal vacuolar region than in the apical region (Table 1) . Compared with WT, the duration of the wave was longer and the rate of the basal vacuolar wave was slower (Table 1) ] cyt spike and one of the eight was a wave. Overall, for WT, Ppcry1a/1b and PpphotA2/B1/ B2, the apical cap and basal vacuolar region [Ca 2+ ] cyt increased as a spike and not as a wave. For WT, in the apical cap region, the [Ca 2+ ] cyt increase started 23.3 ± 10.4 s after UV-A exposure and lasted 36.7 ± 3.7 s. In the basal vacuolar region, the increase started 30.2 ± 7.5 s after initial radiation exposure and lasted 52.0 ± 5.9 s. For Ppcry1a/1b, the increase in the apical cap started 20.4 ± 2.0 s after radiation and had an average duration of 72.6 ± 22.2 s. The basal vacuolar increase started 24.8 ± 15.5 s after radiation and had an average duration of 60.0 ± 19.3 s. For PpphotA2/B1/B2, the increase in the apical cap started 13.0 ± 1.8 s after radiation and had an average duration of 37.5 ± 9.5 s. The basal vacuolar increase started 43.8 ± 13.0 s after radiation and had an average duration of 41.9 ± 4.5 s.
Discussion
Calcium signaling plays a role in the phototropic and photomorphogenic events required for the proper growth and development of plants. The specific characteristics of space, time and amplitude of the [Ca 2+ ] cyt changes that result from blue light/UV-A radiation exposure are presented here. We can now begin to examine the Ca 2+ 'on' and 'off' mechanisms and how Ca 2+ is impelled across the cell. The initial [Ca 2+ ] cyt waves observed after UV-A irradiation of WT are very similar to those previously reported following blue light irradiation of comparable plants (Russell et al. 1998) , suggesting that P. patens may use the same signaling system in response to both types of radiation. Thus the resting [Ca 2+ ] cyt in the basal vacuolar region (98.5 ± 21.5 nM) is similar to that (50-80 nM) reported in protonemal tissue of aequorin transgenics (Russell et al. 1998) and, although on the lower end, is similar to that reported in other plant cells (30-200 nM) (Bush 1993 , Gilroy et al. 1993 ). The [Ca 2+ ] cyt of the apical cap (454 ± 40 nM) and the basal vacuolar region (596 ± 110 nM) also compare closely with the [Ca 2+ ] cyt peak (200-700 nM) of the transgenic plants. In addition, the delay in wave initiation (4.3 ± 0.6 s, apical cap, 6.0 ± 1.6 s, basal vacuole; vs. 6 s, aequorin transgenics), as well as the duration of these waves (26.6 ± 2.3 s, apical cap, 25.3 ± 4.9 s, basal vacuole; vs. 30-40 s, aequorin transgeneics) were similar between single cells and the transgenic tissues ). The ratio of responses to total sample, duration of peak and delay time (± SE) are listed for the first response of both the apical cap and basal vacuolar region. The numbers of samples are given in parentheses for each type.
P. patens genotype No. of cells responding Duration of first peak (s) Delay time (s)
Apical WT (18) 9 36.7 ± 3.7 23.3 ± 10.4 Apical Ppcry1a/1b (5) 5 72.6 ± 22.2 20.4 ± 2.0 Apical PpphotA2/B1/B2 (9) 6 37.5 ± 9.5 13.0 ± 1.8 Basal WT (18) 17 52.0 ± 5.9 30.2 ± 7.5 Basal Ppcry1a/1b (5) 4 60.0 ± 19.3 24.8 ± 15.5 Basal PpphotA2/b1/b2 (9) 8 41.9 ± 4.5 43.8 ± 13.0 (Russell et al. 1998) . A previously described minimum duration requirement of 3 s blue light in the transgenics is comparable with the minimum of several repeated 600 ms pulses of UV-A to elicit the response in WT in our experiments. Finally, the dependence of intensity and duration of blue light in the transgenics is comparable with the duration of UV-A radiation for WT in our experiments.
The data indicate that the initial response in our experiments using UV-A is analogous to the response previously reported by Russell et al. (1998) using blue light. However, the results presented herein, because of their much greater spatial resolution, expand those previous findings. The calcium transients reported by Russell et al. (1998) are responses in the growing apical caulonematal cells. They are a composite of two spatially separate calcium changes that are waves, which have now been quantified. Our data also show that subsequent calcium releases occur as spikes rather than waves, and that a spike is preferred if the influx of external calcium is altered. The results from the Mn 2+ quench experiments further indicate that external calcium is also involved in establishing the initial calcium wave.
Because the duration of radiation exposure affects the [Ca
2+
] cyt response (Fig. 4) ] cyt basal vacuole wave. The rate of these waves (3-8 µm s -1 ), although somewhat slower, nevertheless classifies them among the fast Ca 2+ waves (average 10 µm s -1 ) described for other eukaryotic cells (Jaffe 2002) . The mechanism of these fast waves appears to be conserved in eukaryotes, and involves a calcium-induced calcium release mechanism (Jaffe 2002); we suggest that the UV-A light response may act through a similar mechanism. While [Ca 2+ ] cyt increases did not initiate within the nuclear region, [Ca 2+ ] cyt increases in this region occurred as a result of the basal vacuolar wave. As a consequence, gene activation may occur either directly or indirectly from the [Ca 2+ ] cyt increase in the nuclear region. The removal of calcium by the cell after the first peak is a demonstration of overall cellular calcium depletion, indicating that calcium efflux from the cytoplasm is synchronized throughout the region.
The UV-A-induced initial [Ca
] cyt wave reported herein had characteristics resembling the blue light-induced transient [Ca 2+ ] cyt increases observed in Arabidopsis (Baum et al. 1999 , Folta et al. 2003 , Harada et al. 2003 , and those resulting from Nod factor in tip-growing Medicago truncatula root hairs (Shaw and Long 2003) . Similar to the apical cap wave in P. patens, the calcium flux observed in M. truncatula begins at the cell periphery and moves inward toward the nucleus (Shaw and Long 2003) but, in contrast, a basal vacuolar wave was not reported for M. trunculata. Also, the subsequent spikes observed in the nuclear region of M. truncatula were not observed in P. patens. The UV-A-induced initial [Ca 2+ ] cyt transient increase reported in this communication differed temporally from the prolonged calcium influx across the plasma membrane of protoplasts (Stoelzle et al. 2003) and seedlings (Babourina et al. 2002) of Arabidopsis. The delayed calcium uptake in protoplasts and whole plants may be a result of the different tissues used or may reflect a different calcium translocation event such as refilling depleted internal calcium stores.
Under the conditions used in these experiments, Mn 2+ is believed to compete with Ca 2+ and enter the cytoplasm along with Ca 2+ via calcium channels in the plasma membrane. (Russell et al. 1998 ). As has been reported from electron microscopy studies of Ceratodon (Walker and Sack 1995) and Funaria (McCauley and Hepler 1992) , the basal cytoplasm of P. patens contains typical organelles while the growing apex at the extreme tip is devoid of major organelles except for smooth ER and vesicles. In plant cells, Ca 2+ channels are located on the plasma membrane, ER and tonoplast (Sanders et al. 2002) . It would appear that the initial [Ca 2+ ] cyt elevation derives from the activity of channels on the plasma membrane, whereas the subsequent progression of the wave is fueled by release from internal stores, including both the ER or the vacuole. The differences in delay time for Ca 2+ wave initiation (shorter in the apical cap region than in the basal vacuolar region), as well as in the peak amplitude and rate of Ca 2+ movement (the basal vacuolar region wave is significantly faster than that in the apical cap), suggest that different internal organelles for Ca 2+ release may be involved. Specifically, it seem plausible that the apical Ca wave is dominated by release from the ER, whereas the basal vacuolar wave is dominated by release from the vacuole.
In P. patens dark-growing caulonemal filaments, one blue/ UV-A-induced photomorphogenic event is the formation of side branch initials and side branches on caulonemal filaments. In a separate study, not yet published, we found that blue and UV-A light induced fewer side branches on Ppcry1a/1b than on WT and PpphotA2/B1/B2. Fewer side branches had been reported previously for caulonema of Ppcry1a/1b growing under continuous blue light (Imaizumi et al. 2002) . In addition, the inability of chloroplasts from PpphotA2/B1/B2 to move in response to blue light had been reported previously (Kasahara et al. 2004 ] cyt for Ppcry1a/1b was significantly higher than for WT, supporting Imaizumi et al.'s (Imaizumi et al. 2002) observation that the product of the cryptochrome gene may have multiple functions. One of these functions may be a control mechanism for Ca 2+ uptake by the ER in the cytoplasm. The involvement of cryptochrome in calcium homeostasis has been reported previously Jenkins 1998, Guo et al. 2001) .
Calcium waves were present in P. patens cells that lacked both CRY1a and CRY1b and in cells that lacked PHOTA2, PHOTB1 and PHOTB2. Physcomitrella patens phototropin-1A (the product of PpPHOTA1) requires light for its synthesis (Kasahara et al. 2004 ). Since in our study, the plants are grown in the dark and have characteristics of dark-growing caulonemata, PpphotA2/B1/B2 may be thought of as a pseudo PpphotA1/A2/B1/B2 knock-out and thus believed to be deficient in all four phototropins, although a role for PpPHOTA1 below the limits of detection cannot be excluded. Since results presented in this communication differ from those of Arabidopsis cells lacking phototropin, it appears that Physcomitrella uses a different mechanism for blue lightinduced calcium signaling.
Combining genetic and cellular approaches to the study of signaling cascades within a single cell is now possible. With the ability to create targeted mutants in P. patens by homologous recombination, and the use of UV-A as both a stimulus and an analytical tool, it is possible to observe blue light/UV-A radiation signaling in cry and phot mutants as well as other signaling mutants. This report is one of the first to present detailed calcium kinetics in a single plant cell. The results indicate that UV-A radiation and blue light induce a calcium response by the same mechanism and that cryptochrome and phototropin are involved in shaping this response. They also indicate that the mechanism for blue light-induced calcium response in Arabidopsis is not the same for all plants.
Materials and Methods
Dark-growing caulonemata production
Cultures of P. patens (WT, Ppcry1a/1b and PpphotA2/B1/B2) were maintained at 25°C under 18 h of light and 6 h of dark (Imaizumi et al. 2002 , Kasahara et al. 2004 ). The liquid culture medium used in calcium imaging experiments was Culture medium II d (Basile 1978) containing 1% glucose. Moss cultures were maintained by subculturing fragments, produced by blending cultures in a Waring blender (Model 5011). Dark-growing caulonemata were produced by wrapping 10-day-old cultures with aluminum foil. For Ca 2+ ratiometric studies, caulonemata from liquid cultures were attached to a coverslip forming the bottom of a microscope slide chamber with a thin layer of medium in 0.6% low gelling point agarose (type VII; Sigma). After the agarose had gelled, the well was filled with medium, covered with a coverslip to avoid evaporation, and placed in the dark for 1-3 h. Only cells that had a clear apical region, indicating tip growth, were used. Cells were treated with manganese by exchanging the normal culture medium [2 mM CaCl 2 + trace MnCl 2 (Basile 1978) ] with modified culture media (normal except 20 µM CaCl 2 + 300 µM MnCl 2 ) in the well 15 min before imaging.
The intensity emitted from the 380 and 340 nm filters on the microscope, used for ratio imaging, was measured using a UVX Digital Radiometer from UVP, Inc., Upland, CA, USA.
Ratiometric imaging of Ca
2+ cyt
Calcium measurements were determined using fura-2-dextran (10 kDa) (Molecular Probes, Inc., Eugene, OR, USA). Cells were exposed to a minimum of light before imaging for the Ca 2+ ratiometric studies. Transfers were done in a darkened room; dye loading microinjections were performed under dim green light. Caulonemata were pressure injected with fura-2-dextran 10,000 (10 mg ml -1 water) (Molecular Probes, Eugene, OR, USA). One pre-imaging exposure was taken (30 µW cm -2 for 200 ms) to enable exposure times to be set. In addition, cells then rested in the dark for 15 min before they were imaged.
Imaging was done with a Nikon inverted TE 300 microscope with infinity correct optics and a Quantum port to which the Roper cool snap HQ CCD camera was attached. A Sutter DG-4 xenon arc lamp, able to switch between excitatory wavelengths in 1.4 ms, was the light source. Excitation wavelengths of λ max 340 ± 5 nm and λ max 380 ± 5 nm were used and Nomarski DIC images were interleaved. Cells of WT, Ppcry1a/1b and PpphotA2/B1/B2 in growth medium were exposed repeatedly with 30 µW cm -2 at 340 nm for 1,000 ms followed by 30 µW cm -2 at 380 nm for 1,000 ms [1,000 ms (340/ 380 nm)], and interleaved with 50 ms white light for DIC images. For conversion to Einsteins (mol of photons) at 340 nm, 1 µW cm -2 = 2.8×10
-8 E; thus 30 µW cm -2 = 0.85 µE. At 380 nm, 1 µW cm -2 = 3.2×10
-8 E; thus 30 µW cm -2 = 0.95 µE. Filters were obtained from Chroma Tech. Corp., Brattleboro, VT, USA. MetaMorph/MetaFluor (Universal Imaging Corporation) was used to drive the imaging and for analysis.
For quantitative determination of the [Ca 2+ ] cyt , the fura-2-dextran ratio images were calibrated using the Calcium Calibration Kit #2 (Molecular Probes, Eugene, OR, USA; http://probes.invitrogen.com/ media/pis/mp03008.pdf). To establish a standard curve, 20 µl of the respective buffered calcium + 0.5 µl of fura-2-dextran were placed in a slide chamber, and covered with a circular coverslip (18 mm diameter). Three images were averaged, and background subtracted at both minimum and maximum [Ca 2+ ]. The molecular weight of the fura-2-dextran was calculated using the Molecular Probe Website: http:// www.probes.com/resources/calc/kd.html. With MetaFluor, these values, plus a viscosity factor of 0.8 were used to calculate [Ca 2+ ] cyt . A region in the perimeter of the cell was used to obtain a background value that was subtracted from the whole cell. Changes in [Ca 2+ ] cyt were obtained for a circular region (5 µm in diameter) in the apex and cell junction.
Line scan measurements were used to study wave characteristics In MetaMorph, a gray level scale was created so that the calcium concentration corresponded to the gray level. A line was drawn across the cell from the apex to base on the top image of all stacked images and the line scan dialogue was opened to measure [Ca 2+ ] cyt across the entire cell. The [Ca 2+ ] cyt data were logged to a Dynamic Data Exchange spread sheet for each image. On the spread sheet, the data were plotted on a line graph with values from at least three images for the apical and basal regions at the time period when the calcium is released into and removed from the cytoplasm. This method was used for cells growing in regular medium and in Mn 2+ medium.
Electron microscopy Cells were fixed in the dark with 100 mM PIPES, pH 6.8, 1 mM MgCl 2 , 1 mM CaCl 2 , l mM KCl, 4% paraformaldehyde and 2% glutaraldehyde; and post-fixed with OsO 4 and en bloc stained with uranyl acetate. Tissue was embedded in Spurr resin, and sections were stained with lead acetate.
